Angus bull calves ( n = 42; 7 mo of age; 254 kg initial BW) were used to investigate the effects of dietary Cu and Mo on immune function of stressed cattle. Randomly selected calves ( n =22) were injected with 90 mg of Cu as Cu glycinate 28 d before weaning and castrated at weaning. These calves received 7.5 and 5 mg of supplemental Cu/kg of DM during a 41-d receiving phase and a 196-d growing phase, respectively. The remainder of the steers received no supplemental Cu during the experiment. Copper-supplemented steers had adequate Cu status at weaning, whereas unsupplemented calves were marginally Cu-deficient. Cell-mediated response to intradermal injection of phytohemagglutinin was not affected by dietary treatment during the receiving phase. During the growing phase, half of the steers in each Cu treatment were given 5 mg of supplemental Mo/kg of DM. Copper supplementation increased ( P < .05) humoral response to ovalbumin injected on d 133 of the growing phase. On d 168 of the growing phase, calves receiving only supplemental Mo were severely Cu-deficient based on plasma and liver Cu concentrations. The other treatment groups had adequate Cu status. Before feeding on d 168 of the growing phase, half of the steers were loaded onto trailers and transported 2.5 h, and they remained on the trailers an additional 9.5 h. Humoral response to porcine erythrocytes (PRBC) and delayed-type hypersensitivity (DTH) to dinitrochlorobenzene was tested at the end of the stress period. There was a Cu × stress interaction for humoral response to PRBC, with Cu decreasing antibody titers in unstressed calves and increasing titers in stressed steers. Stressed steers had lower ( P = .03) ADG during the 28 d following stress. The results of this study indicate that Cu deficiency and 5 mg of supplemental Mo/kg of DM do not dramatically alter the specific immunity of stressed cattle.
Introduction
Copper deficiency has been linked with higher mortality in grazing lambs (Suttle and Jones, 1986) and mice infected with Pasteurella hemolytica (Jones and Suttle, 1983) . Other studies have demonstrated that a Cu deficiency decreases the ability of bovine neutrophils to kill phagocytized microorganisms (Jones and Suttle, 1981; Boyne and Arthur, 1986) . However, previous research on the effects of a Cu deficiency on specific immune responses of cattle have not shown consistent effects (Stabel et al., 1993; . Furthermore, copper deficiency induced by feeding high dietary Mo has not greatly affected immune response in cattle (Arthington et al., 1995; Arthington et al., 1996) .
Stress can depress immune function (Kelley, 1988) . Plasma Cu concentration and ceruloplasmin activity increase during stress (Cousins, 1985) . Ceruloplasmin can function as a free radical scavenger and can directly modulate inflammatory responses (Cousins, 1985) . Increases in plasma Cu and ceruloplasmin during stress are not as pronounced in Cu-deficient cattle . It is possible that Cu deficiency could alter the effects of stress on immune function in cattle. Therefore, the present experiment was conducted to determine the effect of feeding lowCu diets with and without high dietary Mo on specific immune responses of cattle during stress. 
Materials and Methods

Experimental Design
Angus bull calves ( n = 42, 7 mo of age, 254 kg initial BW) were used to examine the effects of Cu status and Mo intake on immune responses of cattle during periods of stress.
Receiving Phase. Calves used in this experiment were born and raised at the Upper Piedmont Research Station, at Reidsville, NC. Blood samples taken from 16 random bull calves indicated that the bulls were marginally Cu-deficient based on plasma Cu concentrations (.55 ± .05 mg/L). Values below .6 mg/L are considered to indicate Cu deficiency (Underwood, 1977) . Before weaning in August, calves nursed their dams and grazed tall fescue pastures. Twenty-eight days before weaning, 22 randomly selected calves were injected with 90 mg of Cu as copper glycinate. At weaning, the bulls were weighed and transported, for approximately 1.5 h, to a feedlot where they were weighed, treated for flies (Co-Ral, Miles Laboratories, Shawnee Mission, KS), and held overnight with access to water. The following day ( d 0 ) the bulls were weighed, injected with an antiparasitic agent (Ivomecterin, Merck, Rahway, NJ), vaccinated against infectious bovine rhinotracheitis virus, parainfluenza-3 virus, bovine respiratory syncytial virus, and bovine viral diarrhea (Cattlemaster 4, SmithKline Beecham, West Chester, PA), Pasteurella hemolytica (Oneshot, SmithKline Beecham), and Clostridia (Ultrabac 7, SmithKline Beecham), and castrated. Blood samples were also taken via jugular venipuncture. The steers were placed in pens based on weight and Cu injection. There were 11 pens containing two steers each for the Cu-injected treatment and 10 pens of two steers each for the treatment without injection. Steers that had not received a Cu injection were offered a basal diet that contained no supplemental Cu, and the steers that had received an injection of Cu were supplemented with 7.5 mg of Cu, as CuSO 4 , per kilogram of DM. Daily ad libitum consumption was recorded. The diets were formulated to meet or exceed all NRC (1984) recommendations except for Cu. The composition of the basal diet is shown in To simulate stress associated with transportation from backgrounding areas to feedlots, half of the steers in each treatment group were weighed and loaded onto trailers before feeding on d 168. They were transported for 2.5 h and remained on the trailer for an additional 9.5 h. This 12-h period will be referred to as stress. Blood samples were taken before and after stress to determine plasma Cu concentration, ceruloplasmin activity, and serum cortisol concentrations. On d 182, blood samples were collected to determine plasma Cu concentration and ceruloplasmin activity. Weights taken before feeding on d 195 and 196 were averaged, and the BW change during the 28 d following stress was determined.
Physiological Analyses
Immune Function Tests. To evaluate the effects of Cu on cell-mediated immunity during the receiving phase, one steer per pen was injected intradermally with 150 mg of phytohemagglutinin ( PHA; Sigma Chemical Co., St. Louis, MO) in .1 mL of PBS on d 2. The injection was made immediately posterior to the scapula. Skinfold thickness was measured before and at 2, 4, 8, 12, 24, and 48 h after injection. On d 14, the castration incision was examined and a numerical score given to indicate healing. The scores ranged from 0 to 5, with 0 indicating complete healing and 5 indicating no healing. On d 133 of the growing phase, all steers were injected s.c. with 4 mg of ovalbumin ( OVA; Sigma Chemical) in 4 mL of 1:1 PBS:Freund's incomplete adjuvant. Serum was collected before and 7, 14, 21, and 28 d after injection to determine humoral response. To determine the effects of dietary treatment and stress on humoral immune response, all steers received 10 mL of a 25% suspension of porcine erythrocytes ( PRBC) in PBS i.m. at the end of stress on d 168. Serum was collected before and 7, 14, 21, and 28 d after injection to determine antibody titers against PRBC.
Delayed-type hypersensitivity to dinitrochlorobenzene ( DNCB; Sigma Chemical) was determined in all steers at the end of stress using the method of Burton et al. (1989) . Steers were sensitized against DNCB by epidermal application of .2 mL of 90% dimethylsulfoxide followed by .2 mL of 5% DNCB in absolute alcohol on d 159 and 161. The application was made at a site immediately posterior to the scapula that had been clipped using surgical clippers. At the end of stress, .5 mL of a .5% solution of DNCB in 4:1 acetone:olive oil was applied immediately adjacent to the sensitized site. Skinfold thickness was measured before and 4, 8, 12, 24, and 48 h after DNCB application at the end of stress.
Titers against PRBC titers were measured using the hemagglutination assay described by Droke et al. (1993) . Ovalbumin titers were measured by the procedure of Droke and Loerch (1989) with the following modifications. The precoating step was eliminated, the concentration of protein in the coating solution was 50 mg/mL, and orthophenylenediamine dihydrochloride was used as the color substrate and color was allowed to develop 30 min before reading. Serum samples were diluted 1:16. Results were reported as percentage optical density compared with a reference pool obtained from two steers that had been given two intradermal injections of OVA as described above. Pooled samples were diluted 1:16 and had an optical density of .70 ± .01.
Blood and Liver Analyses. Plasma Cu concentrations
were determined by diluting plasma 1:4 in deionized water and aspirating into the flame of an atomic absorption spectrophotometer (model 5000, PerkinElmer, Norwalk, CT). Ceruloplasmin activity was determined with the procedure of Houchin (1958) and is reported as change in absorbance at 525 nm. Serum cortisol was determined with a RIA (DPC, Los Angeles, CA). Liver samples were dried at 100°C for 48 h, weighed, and then digested with HNO 3 followed by H 2 O 2 . Concentrations of Cu were then determined using flame atomic absorption spectrophotometry. Liver Cu concentrations were reported on a DM basis.
Statistical Analyses
All data were analyzed by least squares ANOVA for a completely random design using the GLM procedure of SAS (1985) . The model for data collected before weaning and during the receiving phase included variation that was due to Cu supplementation. The model for OVA data included effects of Mo supplementation, Cu supplementation, and the two-way interaction. Data collected during stress were analyzed using a model that included variation due to stress, Mo supplementation, Cu supplementation, and all twoand three-way interactions. Additionally, BW on d 168 of the growing phase was used as a covariate to analyze ADG during the 28 d following stress.
Results and Discussion
During the growing phase, one steer receiving only supplemental Mo became extremely emaciated and weak and was humanely killed. Postmortem examination revealed that the steer had the sporadic form of bovine lymphosarcoma. Therefore, all data for this steer were deleted prior to statistical analyses.
Copper injection had no effect on shrinkage during weaning and shipping (Table 2 ) even though steers not receiving Cu injection were marginally Cudeficient based on plasma Cu concentrations (.57 vs .93 mg/L for uninjected and injected steers, respectively). Performance data and liver and plasma Cu concentrations during the receiving and growing phases are presented elsewhere . Wound healing at the castration incision was not affected by Cu supplementation, and both groups showed good healing by 14 d after castration (Table  2) .
In vivo cell-mediated immunal response following intradermal injection of PHA is shown in Table 3 . Response to PHA during the receiving phase was not affected by Cu supplementation. Molybdenum supplementation was added to the experimental design during the growing phase to investigate the effects of high dietary Mo on the immune function of stressed cattle. Molybdenum reacts with S in the rumen and forms mono-, di-, tri-, and tetrathiomolybdates (Suttle, 1991) . Thiomolybdates can cause Cu deficiency by reacting with dietary Cu in the digestive tract and making it unavailable for absorption and utilization. Furthermore, thiomolybdates can be absorbed and have systemic effects on Cu metabolism (Suttle, 1991) . Previous research has indicated that Mo may have adverse effects on growth (Phillippo et al., 1987b; Gengelbach et al., 1994) and puberty (Phillippo et al., 1987a ) when fed to cattle consuming low-Cu diets. These effects do not seem to be caused solely by Cu deficiency. In all three experiments, Fe-supplemented cattle had similar reductions in Cu status compared to Mo-supplemented cattle but Fe did not affect growth or puberty in those experiments. Previous research on high dietary Mo in conjunction with low dietary Cu did not find consistent effects of Mo on immune function of unstressed calves (Gengelbach, 1994; .
Two steers fed only supplemental Cu were determined to have high cross-reactive antibody titers against OVA before OVA was injected. Therefore, OVA antibody titer data from these steers were deleted prior to statistical analysis. Humoral response to OVA was greater in Cu-supplemented steers 7 ( P = .04), 14 ( P < .01), 21 ( P = .02), and 28 ( P = .06) d after injection (Table 4) . Molybdenum supplementation did not affect humoral response to OVA.
On d 168, when steers were stressed, the steers receiving only supplemental Mo were considered to be Cu-deficient based on plasma (.25 mg/L) Cu concentrations. In addition, the steers receiving only supplemental Mo had lower ( P < .01) ceruloplasmin activity and erythrocyte superoxide dismutase activity compared with the other three treatment groups . The other groups were considered to have adequate Cu status based on plasma Cu (greater than .90 mg/L for the remaining groups). Liver Cu concentrations (7.53 mg/kg of DM) on d 147 also indicated that steers fed only supplemental Mo were Cu-deficient. The steers receiving Cu supplementation had adequate liver Cu concentrations (> 65 mg/kg of DM). Based on liver Cu concentrations (33 mg/kg of DM), control steers receiving no supplemental Cu or Mo were marginal in Cu status.
Previous research on the effects of Cu deficiency on immune response (Stabel et al., 1993; Gengelbach et Stressed steers had decreasing ( P < .01) BW during stress, and unstressed steers had increasing ( P < .01) BW (Table 5 ). Dietary treatment had no effect on BW change during stress. Stressed steers had lower ( P = .03) ADG during the 28 d following stress (Table 5) . There was a Mo × stress interaction ( P = .05) for ADG during the 28 d after stress. Supplemental Mo decreased BW gain of steers that were not stressed but increased ADG of stressed steers. Previously, we have reported (Ward et al., 1993 ) that the addition of 5 mg of Mo/kg of DM and .2% S increased ADG of cattle during the receiving phase.
Stressed calves had increased ( P < .01) plasma Cu concentrations during stress, and unstressed steers had decreased ( P < .01) plasma Cu concentrations (Table 6 ). The changes were more pronounced ( P < .01) in steers receiving supplemental Cu (Cu × stress interaction). Ceruloplasmin activity increased ( P < .01) for stressed steers during the stress period but tended to decrease in unstressed steers (Table 6 ). In addition, 14 d after stress, stressed steers had increased ( P < .01) ceruloplasmin activity, and unstressed steers showed no change in ceruloplasmin activity.
There was a Cu × stress interaction ( P = .08) for cortisol concentrations for the morning sample (Table  6 ). The stressed steers receiving supplemental Cu had higher cortisol concentrations than the other groups. Steers that were stressed were removed from pens 30 min before the unstressed steers. This was done to minimize the amount of time the unstressed steers were away from their pens. It is possible that the steers were startled by the presence of moving cattle and that Cu-supplemented steers were more susceptible to this stressor. Thirty minutes may have been adequate time for the unstressed steers to become accustomed to the movement and cortisol concentrations to decline. There was a Cu × Mo interaction ( P = .05) for cortisol concentrations in the evening sample. Steers supplemented with either Mo or Cu alone had greater cortisol concentrations than controls, but the steers supplemented with both Cu and Mo had intermediate cortisol concentrations that were not different from any of the other dietary treatment groups.
The changes in plasma Cu concentration and ceruloplasmin activity as well as the changes in BW during the stress period and in ADG during the 28 d following stress indicate that transportation and isolation of the steers did stress the cattle. In contrast, cortisol data did not indicate that cattle had been stressed. However, previous researchers (Blecha et al., 1984) have reported that cortisol was not affected by 12 h of transportation. Research with sheep showed that cortisol returned to unstressed concentrations within 12 h after the animals were exposed to heat stress (Minton and Blecha, 1990) . It is possible that the steers in the present experiment adapted to the environment on the trailer, and cortisol concentrations had fallen to normal levels by the evening sampling. One steer fed both supplemental Mo and Cu had a severe reaction to DNCB application at the end of the stress period. Skinfold thickness became too large to measure accurately; therefore, delayed-type hypersensitivity (DTH) data for this steer were deleted prior to statistical analysis. Stress and dietary treatment had minimal effects on DTH response to DNCB (Table 7) . There was a Cu × stress interaction ( P = .05) 24 h after DNCB application. Copper supplementation decreased DTH in unstressed steers but increased DTH in stressed steers. Dietary Mo had no effect on DTH response.
One steer fed both supplemental Cu and Mo had high titers to PRBC on d 0 indicating large amounts of cross-reactive antibody to PRBC. Therefore, data from this steer were dropped prior to statistical analysis. Copper-supplemented steers had lower ( P =.07) antibody response to PRBC 7 d after injection (Table  7) . There was a Cu × stress interaction for humoral response 14 ( P = .03), 21 ( P = .05), and 28 d ( P = .09) after PRBC injection. Copper supplementation depressed humoral response in unstressed steers but increased response in stressed steers. Supplemental Mo had no effect on humoral response to PRBC.
It appears that Cu deficiency alters immune response of cattle only after extended periods. Copper status had no effect during the receiving phase, but Cu supplementation altered immune response during the growing phase. However, the effects of Cu on immune response were variable. Copper supplementation increased titers against OVA during the growing phase. Supplementation with Cu increased humoral response to PRBC and DTH to DNCB in stressed cattle but decreased response in unstressed cattle. The results of the present experiment are generally in contrast to results obtained using other species that have indicated that Cu deficiency caused marked immunosuppression (Blakeley and Hamilton, 1987; Windhauser, 1991) .
Molybdenum supplementation had no effect on immune function during the growing phase of the experiment even though Mo supplementation had significant effects on Cu status as measured by plasma and liver Cu and erythrocyte SOD activity. The steers receiving only supplemental Mo had severely depressed Cu status based on these measurements, but these steers did not lower immune function before or after stress. Previous research has shown that Mo supplementation can alter physiological functions in cattle such as growth (Phillippo et al., 1987b; Gengelbach et al., 1994 ) puberty, and fertility (Phillippo et al., 1987a) . The apparent lack of effect of Mo on immune function would suggest that the immune system of cattle is not as sensitive to adverse effects of Mo as are other physiological systems.
Implications
Copper deficiency seems to alter immune function only after a prolonged period and then only alters immune function minimally. This is in contrast to other species in which copper deficiency causes marked immunosuppression. Furthermore, the immune system of cattle seems to be resistant to the adverse effects of moderately high dietary molybdenum even when coupled with copper deficiency.
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